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Abstract Hydrogel can swell to many times of its dry volume, resulting in large deformation which
is vital for its function. The swelling process is regulated by many physical and chemical mechanisms,
and can, to some extent, be fairly described by the poroelasticity theory. Implementation of the
poroelasticity theory in the framework of ﬁnite element method would aid the design and optimization
of hydrogel-based soft devices. Choosing chemical potential and displacement as two ﬁeld variables,
we present the implementation of poroelasticity tailored for hydrogel swelling dynamics, detail the
normalization of physical parameters and the treatment of boundary conditions. Several examples
are presented to demonstrate the feasibility and correctness of the proposed strategy. c© 2013 The
Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1305409]
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Hydrogel is an aggregate of a long, ﬂexible polymer
network and huge number of small solvent molecules.
Intensive eﬀorts have been devoted to develop hydro-
gels for diverse applications, including soft tissue, drug
delivery and soft machines.1,2 The vast majority of
hydrogel-based devices rely on swelling deformation to
function. Understanding the kinetics of swelling of hy-
drogel is thus crucial for the design and control of these
devices. Several models have been developed to model
the swelling dynamics, including poroelasticity model
by Biot,3,4 the Tanaka–Hocker–Benedek (THB) model
by Tanaka et al.,5 the monophase model by Hong et
al.,6 and two-ﬂuid model by Doi et al.7,8
Among these available models, the poroelasticity
model, although it was originally proposed by Biot for
soil consolidation in 1941, plays a fundamental role
in the description of gel mechanics. The model has
been demonstrated to be successful to predict many
hydrogel swelling tests, and more recently been de-
veloped to identify mechanical properties of hydrogels
by indentation.9–12 If the momentum transfer between
the polymer network and solvent is accounted for, the
poroelasticity model can be converted into the two-ﬂuid
model or the THB model.13 Here we focus on the ﬁnite
element implementation of linear poroelasticity theory
for modeling of hydrogel dynamics. We derive the gov-
erning equations and detail the normalization process.
Using displacement and chemical potential as indepen-
dent variables, the boundary conditions are enforced
straightforwardly. Examples are presented to demon-
strate the eﬀectiveness and correctness of the method-
ology.
In the context of linear poroelasticity, the total
stress of the polymer network and solvent composite
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is deﬁned as σ = 2G[ε+εkkν/(1−2ν)I −μ/ΩI ], where
G and ν are shear modulus and Poisson’s ratio, respec-
tively, I is the identity tensor and εkk is the volumetric
strain, μ is the chemical potential of solvent inside the
gel, Ω is the volume of a solvent molecule, and μ/Ω
is interpreted as pore pressure in poroelasticity. The
equilibrium equation reads
∇ · σelas −∇ μ
Ω
= 0. (1)
Deﬁning C as the number of solvent molecules per unit
volume of hydrogel, and J = − k
ηΩ2
∇μ as the ﬂux ac-
cording to Darcy’s law, the conservation of mass dic-
tates
∂C
∂t
=
k
ηΩ2
∇2μ. (2)
Here k is the permeability and η is the viscosity. Equa-
tions (1) and (2) are coupled in nature: the gradient of
chemical potential acts as body force and induces defor-
mation of gel; the increase of volume of gel equals to the
volume of the solvent absorbed, i.e., εkk = Ω(C − C0),
C0 being the initial concentration. Thus Eq. (2) can be
recasted into
∂εkk
∂t
=
k
ηΩ
∇2μ. (3)
Using displacement and chemical potential as two sets
of ﬁeld variables, Eqs. (1) and (3) are solved simulta-
neously by the ﬁnite element method in the commercial
software, COMSOL/Multiphysics 4.2. Equation (1) can
be handled by two equivalent ways: treating −∇ μ
Ω
as
body force or incorporating
μ
Ω
into the constitutive law
of gel as a thermal stress.14,15
We ﬁrstly modeled the swelling dynamics of a
thin hydrogel ﬁlm bound to a rigid substrate. As
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Fig. 1. Comparison of ﬁnite element method simulations
and analytical results of swelling dynamics of gel ﬁlms con-
strained by rigid substrate. The thicknesses of gel ﬁlms are
244 μm, 336 μm, and 504 μm, respectively. Also inserted is
the schematic of the experiments and the coordinate system.
in-plane deformation is constrained, the deforma-
tion is one-dimensional and close-form solution is
available.14 The original equations without normaliza-
tion were solved and the parameters used in simula-
tion were as follows: Young’s modulus of the poly
(N-isopropylacrylamide)(PNIPAM) gel 3.5 kPa, viscos-
ity of water η = 1 × 10−3 Pa · s, permeability k =
2.9 × 10−18m2, diﬀusivity D = 1.5 × 10−11m2/s. A
2D plane strain model was used in simulation. The as-
sociated mechanical and chemical boundary conditions
are as follows. Bottom surface is mechanically clamped
chemically ﬂuxless; the normal stress of the top sur-
face is equal to zero and its chemical potential is set to
be in local equilibrium with exterior environment (μout
is set to be 1.229 6 × 10−25J according to experiment).
Figure 1 plots the time history of gel top surface dis-
placement Δ(t), divided by the thickness of hydrogel
H. The numerical results coincide with the analyti-
cal results. The predicted maximum displacement and
characteristic diﬀusion time can be quantitatively com-
pared to experimental results.
The second example chosen here is the experiment
performed by Holmes et al.16 on the bending kinetics of
a slender beam swollen by a favorable solvent droplet.
In experiment hexane dripped onto centre of one side
of a centrally supported polydimethylsiloxane (PDMS)
beam. The non-homogeneous swelling of the beam
causes the bending of the beam. To capture the physics
and the scaling law behind the gel swelling dynamics, it
is worthwhile to normalize the equations. We normal-
ize the equations by the following dimensionless param-
eters: x = x/H, t = Dt/H2, σ =
σ
G
NΩ, μ =
μ
kBT
,
in which D =
2(1− ν)Gk
(1− 2ν)η is the diﬀusivity, kB is the
Boltzmann constant, T is the absolute temperature, and
H is the characteristic length scale. Polymer physics
tell us that G = NkBT with N the number of molecule
chains per unit volume. NΩ is a dimensionless param-
eter and set to be 0.02 for a typical hydrogel. The Pos-
sion’s ratio for a hydrogel is estimated from experiment
and found to be about 0.34.9 The normalized environ-
ment chemical potential was set to be 0.012.
We simulated the bending kinetics of the beam and
Fig. 2 plots the deformation proﬁles of the centerlines
of the beam at various normalized time. Figure 3 shows
the curvature, measured at the middle of the centerline
of the beam, versus normalized time. It is noticed that
the bending dynamics of a slender beam can be divided
into two processes. It ﬁrstly bends downwards quickly
and reaches the maximum curvature, then a slow relax-
ation process follows. Eventually as chemical potential
of the solvent reaches the equilibrium state the beam
restores its original position with dilation in volume.
The peak value of the curvature of Fig. 3 falls in with
available experimental data.16
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Fig. 2. Various bending conﬁgurations of the centerlines of
a PDMS beam by placing a hexane droplet on top of the
beam. Inserted is dimensionless time. Note that as time
elapses, the beam ﬁrstly bends downward quickly and then
relaxes slowly. During the swelling process, the length of the
centerlines increases gradually.
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Fig. 3. Curvature of the centerline of the beam versus nor-
malized time.
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In summary, we implemented the linear poroelas-
ticity theory in the ﬁnite element method. Displace-
ment and chemical potential are chosen as two indepen-
dent ﬁeld variables, allowing enforcement of mechanical
and chemical boundary conditions and initial conditions
straightforwardly. Swelling of a thin gel layer conﬁned
by a rigid substrate and non-homogenous swelling in-
duced bending dynamics of a slender beam were mod-
eled by the proposed strategy. The numerical results
are compared to analytical and experimental results
to demonstrate the feasibility and correctness of the
method. Our method paves the way for modeling dy-
namic behavior of hydrogel-based soft devices.
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